Recycling and energy recovery of waste plastic are major categories of modern solid waste management systems. Since the lower heating values of plastics are around 30 MJ/kg, equivalent to traditional solid fuels, such as petroleum coke, coal and charcoal, waste plastics are considered as potential fossil fuels alternatives in various industrial sectors. Already nowadays, energy recovery of waste plastic is typically conducted by combustion in incinerators or cement kilns. However, due to various types of waste plastics, their thermochemical behaviour has been rarely investigated. Even more, the thermochemical behaviour of waste plastics under oxy-combustion conditions has even rarely been studied. In this study non-isothermal thermogravimetric analyser was used to study the thermochemical behaviour of polyurethane plastic waste under seven different atmospheric conditions. Polyurethane decomposition kinetic constants have been estimated by the simultaneous evaluations of seven weight loss curves measured for the heating rate of 20 K/min and a final temperature of 1,073 K. The obtained results showed that the combustion of polyurethane is mainly composed of two stages, and the higher oxygen concentration slightly influenced the first stage but highly accelerates the second * Corresponding author one, ascribing to a higher mean weight loss rate and an increasing activation energy. Replacing carbon dioxide with nitrogen slightly influences the first stage while positively influences the second stage, expressing in lower peak temperatures in differential thermogravimetry curves and higher peak values in differential scanning calorimetry curves.
INTRODUCTION
Nowadays, plastic materials are widely used in household applications, packing, electrical and vehicle equipment. Over the years, global production has reached 500 million tons per year. Arise of production of a such products, led to numerous waste management problems. There are three ways to dispose plastic waste: landfilling, incineration and recycling. Polyurethane (PU) products are used in wide spectrum of applications, due to the possibility of easily shaping their properties, therefore significant amount of waste is derived from it annually. For example, only in China it is expected that every year will be more than 14 million refrigerators of scrap. Since the polyurethane is an essential insulation material in refrigerators and it weight is around 6.36 kg per unit, more than 100,000 tons of a such waste is expected. Since the decomposition in natural conditions is not possible, followed up by small pile-up density (30 kg/m 3 ), landfilling is excluded as a waste management option [1] . Chemical recycling methods have been extensively studied so far, nevertheless economically viable solution is still missing. Hydrolysis has been scaled up to pilot plant application for flexible PU foams and produced polyol was of high quality. Nevertheless, high energy demand required for this process, limit greater application of this technique at the moment. Aminolysis and phosphorolysis never went beyond research stage and for several years no new advances of these techniques have been reported. Glycolysis is the most promising chemical recycling technique introduced so far, especially for flexible PU foams. Products (polyol) obtained from this process is of high quality and can be easily used for the synthesis of a new polyurethane products. Even tough, absence of market where these product could be offered, coupled with economic inefficiency constrain greater deployment of this technique [2] . Consequently, waste-to-energy application looks like the most promising waste management technique for PU scrap, at least in the near future.
Alternative fuels derived from waste have been recognized as a possible solution to substitute or at least decrease consumption of fossil fuels. Mehmood et al. [3] investigated potential of co-firing between different coal types and biomass, including Refuse-Derived Fuel (RDF). Scope of the work was to determine the biomass influence on exhaust gas temperature and formation of sulfur dioxide (SO2), nitrogen oxides (NOx) and carbon dioxide (CO2) emissions. Rostek and Biernat [4] , performed Thermogravimetry/Differential Scanning Calorimetry analysis (TG/DSC) on a different plastic waste in order to examine decomposition kinetics. Investigation was carried out under argon/nitrogen atmosphere, while special attention was given to an enthalpy changes and the nature of a reactions. Guo et al. [5] investigate the nitrogen migration in a pyrolysis and gasification fixed-bed reactor of a waste rigid polyurethane foam. In this study, the influence of the temperature and catalysts on the nitrogen-product distribution have also been studied. The study showed that within the temperature increment: more gas products are generated from catalytic pyrolysis than gasification. Moreover, gas productive rate is higher in gasification process than in pyrolysis and calcium oxide is the best catalyst which facilitates the migration of fuel-N into the pollution-free nitrogen (N2). Guo et al. [6] in their another work, analysed an influence of a catalyst on a yield of N-containing species from waste rigid polyurethane foam. Results showed that yield of N-containing species in the presence of catalyst is more influenced by sweeping gas flow rate than by pyrolysis temperature. Jomaa et al. [7] investigated the pyrolysis of polyurethane by dynamic thermogravimetry analysis in order to obtain the kinetic parameters of polyurethane pyrolysis. The kinetics parameters obtained by this study would be used later in Computational Fluid Dynamics (CFD) codes to simulate gas emission during the casting process. Garrido et al. [8] studied the thermal decomposition of flexible polyurethane foam at 550 °C and 850 °C using a laboratory scale reactor under nitrogen and air atmospheres. Significant yield of toxic compounds and emissions, alongside with the high net caloric value of flexible polyurethane foam, makes it a suitable fuel for cement kilns. Garrido and Font [9] analysed the thermal degradation of flexible polyurethane foam under different conditions using the Thermogravimetric Analysis (TGA), Thermogravimetric Analysis-Infrared (TG-IR) spectrometry and Thermogravimetric Analysis-Mass (TG-MS) spectrometry. The results obtained by this study showed that under an inert atmosphere, flexible polyurethane foam started the decomposition by breaking the urethane bond to produce long chains of ethers which were degraded immediately in the next step. However, under an oxidative atmosphere, at the first step not only the urethane bonds were broken but also some ether polyols started their degradation which finished at the second step producing a char that was degraded at the last stage. Jiao et al. [10] investigated the thermal degradation characteristics of rigid polyurethane foam in both air and nitrogen gaseous environments, using the thermogravimetric analysis. The study found that the thermal degradation of rigid polyurethane foam material in air and nitrogen, present a three-stage and a two-stage process, respectively. In addition, degradation reaction rate of rigid polyurethane foam in air is accelerated significantly due to the presence of oxygen. Chetehouna et al. [11] using the thermogravimetric analyser coupled to a mass spectrometer investigated the thermal degradation and kinetic parameters of innovative insulation materials. Thermogravimetry (TG) curves obtained from the analysis of eight samples showed that the thermal decomposition of composite samples is more complex than the one of the basic materials and seems to be mostly affected by the binder nature. Raclavska et al. [12] investigated the effect of moisture on the release of heavy metals during the pyrolysis of Municipal Solid Waste (MSW). It was concluded that with the increment of moisture content, release of heavy metals is increased, shifting some element classification from volatile to highly volatile. Wang et al. [13] investigated thermal decomposition of the rigid polyurethane foam used as an insulation material. Sample was investigated in air atmosphere with non-isothermal thermogravimetry and differential scanning calorimetry. The results reveal that decomposition consist of three stages: the loss of low-stability organic compounds, oxidative degradation of organic components, and oxidative degradation of residue material. He et al. [14] compared thermal degradation of polyurethane foam under oxidative and non-oxidative atmospheres. TGA coupled with in-situ Fourier Transforms Infrared (FTIR) spectroscopy showed that in the condensed phase, presence of oxygen began to accelerate the degradation process, while decomposition in N2 occurred with a delay of 30-70 ℃. Chen et al. [15] studied thermal degradation of polyurethanes containing pyridine (PUPys), which is nowadays widely used to fabricate supramolecular polymer networks. Investigation was carried out under nitrogen and oxygen atmospheres. The results showed at least two stages of degradation with better thermal stability under oxygen atmosphere. Furthermore, thermal stability is better at lower temperatures, while addition of hard segment (MDI-BDO) promotes the weight loss at higher temperatures. Up to now, a lot has been done in the field of PU degradation in inert atmosphere, where dominantly nitrogen or air was used as a sweep gas. At the same time, experimental investigations in oxygen-enriched atmosphere are seldom. Tang et al. [16, 17] in their studies compared decomposition behaviour of waste plastic under N2/O2 and CO2/O2 atmospheres. Both studies showed that the reactivity of a sample is reduced under CO2 atmosphere which results with uncomplete burnout. Furthermore, similar combustion performance was noted for 80% N2/20% O2 and 70% CO2/30% O2 atmospheric conditions, indicating that oxygen-enriched combustion may enhance the process. Below 600 ℃, replacement of N2 by CO2 did not affect reaction mechanism, while changes in kinetic mechanism were noted above 600 ℃.
In this study non-isothermal TGA was used to study the thermochemical behaviour of polyurethane plastic waste under seven different atmospheric conditions (100% N2; 5% O2/95% N2; 20% O2/80% N2; 5% O2/95% CO2; 10% O2/90% CO2; 20% O2/80% CO2; 30% O2/70% CO2). The studied polyurethane was previously used as an insulation material inside refrigerators. Polyurethane decomposition kinetic constants have been estimated by the simultaneous evaluations of seven weight loss curves measured for the heating rate of 20 K/min and a final temperature of 1,073 K. The obtained results showed that the studied polyurethane under an inert atmosphere (100% N2), decomposed quicker than in oxygen containing atmospheres. However, under an oxidative atmosphere, a smaller amount of mass was left at the end of the analysis, whereas in the inert atmosphere still the fixed carbon remained in the sample. The obtained results can be used for further investigation of polyurethane incineration process.
EXPERIMENTAL METHOD
Investigated sample was Waste Rigid Polyurethane Foam (WRPUF) which was conducted to particle sizing and simultaneous thermogravimetric and calorimetric analysis.
Samples
Polyurethane used in this study was wasted PU plastic previously used as an insulation material inside refrigerators, collected from Croatia. The raw sample was firstly milled and sieved into the diameter of 50-100 μm, then dried at 105 °C for 24 h in an oven before use. Particle size distribution is given in Figure 1 . The ultimate/proximate analyses and the ash composition analysis are shown in Table 1 and Table 2 , respectively. From the Figure 1 it is visible that about 80% of the particles size is below 300 µm, thus limitations regarding heat transfer could be neglected [18] . Particle size analysis was carried out within the laser particle sizer Malvern Instruments, Mastersizer 2000. Thermogravimetric Analysis Investigation of ... 
Experimental apparatus and procedure
All the thermal analyses were conducted using a STA-409PC thermal analyser (NETZSCH, German). About 8 mg of fuel sample was held initially at room temperature for 30 min and then heated with a heating rate of 20 K/min from room temperature up to 800 °C under seven different atmospheric conditions (100% N2; 5% O2/95% N2; 20% O2/80% N2; 5% O2/95% CO2; 10% O2/90% CO2; 20% O2/80% CO2; 30% O2/70% CO2) with a flow rate of 200 mL/min. The mass loss (TG) curves, Differential Thermogravimetric (DTG), and Differential Scanning Calorimetry (DSC) are recorded online by the bundled software, and then investigated.
Theoretical approach
An two-step global model is used for description of the combustion process, which proceeds as the combination of two single reaction [19] :
where the sum of tar and gas is defined as the volatiles, and k(T) is the temperature dependent rate constant of reaction. Even though, the second step (2) is expected to be controlled by the oxygen diffusion, previous research showed that changes in kinetic mechanism are noticed only for the temperatures above 600 °C [20] . Since most of the polyurethane foam is occasionally decomposed below 600 °C, no restrictions toward reaction order model description of the combustion process is recognised. For each single reaction, usually described by the Arrhenius equation, k(T) is expressed as:
where A is the pre-exponential factor (or frequency factor) [s
], E is the activation energy [kJ mol ]. Accordingly, the kinetic equation of common type is generally written as:
where α, t, k(T) and f(α) represent the conversion, the time, the rate constant and the function of reaction model, respectively. In this study, conversion α is defined as:
where mt, mi and mf are time t, initial and final weights of the feedstock, respectively. The function f(α) is expressed as:
where n is the reaction order. It has been assumed that pyrolysis of solid fuel is a first order reaction [21, 22] , and similar assumptions are employed here to investigate the kinetic characteristics of polyurethane pyrolysis and combustion. Therefore, f(α) is rewritten as:
By combining eqs. (3-6, the reaction rate is expressed in the form of:
In this study, non-isothermal TGA experiments with a constant heating rate β [K min −1 ] are conducted, hence eq. (7) is modified into:
Rearranging and integrating gives:
which is universally accepted as the Coats-Redfern equation.
Plotting the left-hand side of eq. (10) for different conversion degrees versus 1/T at that time gives an approximate straight line of slope −E/R. The full solution is to be done iteratively by first put an assuming value of E into the equation and then recalculating the left-hand side till convergence occurs. Meanwhile, a quick solution is also available by simply assuming it as a constant, since it generally shows that for most values of E as well as the temperature range, the expression of 2 ln (1 )
is essentially constant [23, 24] .
RESULTS AND DISCUSSION
Results analysis and the respective discussion are divided into three parts. First is focused on the thermogravimetric and calorimetric analysis. Secondly, kinetic analysis is carried out with a detail literature overview and obtained kinetic parameters from this investigation. Finally, influence of the atmosphere compositions is discussed.
Thermogravimetric Analysis
The TG curves, DTG curves and the DSC curves during the combustion of polyurethane in different oxygen concentrations in CO2/O2 mixed atmospheres at a heating rate of 20 K/min were showed in Figures 2a and 2b . Curves representing the pyrolysis process in nitrogen atmosphere are also exhibited as a reference. Figure 2a reports the mass loss processes as well as their rates, and by distinguishing two peaks from one mass loss rate curve, taking the valley of DTG curves as the division point of the bimodal peak, two reaction stages are confirmed for each oxygen-containing atmosphere, indicating the two stages of the combustion process of polyurethane. In these cases, the PU presents two temperature ranges of combustion whose maximums of the decomposition rates approximately distribute in 320-340 °C and in 530-610 °C, respectively. The two-stage phenomena has already been reported by other authors [17, 25, 26] who indicated that the first stage represents the decomposition of polyurethane and the release of volatile compounds, while the second stage corresponds to the oxidation process of the residues. With the increase of oxygen concentration, the same characteristics are maintained, as shown in Figure 2a , while deviation begins to appear in the form of a lower temperature range of the second stage. From both TG and DTG curves, with the increase of oxygen concentration, the first stage shows to be less effected and the trend of TG/DTG curves is basically unchanged, while the second peaks occur earlier under the influence of oxygen acceleration. This results corresponds well with the work of Branca et al. [26] who postulated that oxygen exerts a small influence on the primary decomposition of polyurethane, while it affects significantly the breakage of the polymeric chains. While decomposition of a sample under oxygen-enriched atmosphere is almost equally divided above and below 400 ℃, decomposition under nitrogen atmosphere almost entirely happened below 400 ℃. Similar phenomena was previously noted by other authors [27, 28] . Figure 2b also puts a strong support on the conclusion that higher oxygen content in the atmosphere enhances the oxidation process which is highly exothermic, thus promoting the peak value of DSC curves. Decomposition process under nitrogen atmosphere is almost entirely endothermic. To precisely understand the impact of changing atmosphere conditions, a summary of the degradation characteristics for the polyurethane is given in Table 3 , while Figure 3 illustrates their concrete embodiments in TG and DTG curves. It is visible that initial temperatures (Ti) and the peak temperatures in the first stage (Tpeak1) are quantitatively similar and roughly comprise 289.0-295.8 °C and 326.5-336.2 °C, respectively. However, the peak temperatures in the second stage (Tpeak2) and the final temperatures (Tf) are greatly influenced, that deviations from 609.3 °C to 533.2 °C and from 700.4 °C to 633.1 °C are obtained, respectively. Furthermore, the higher oxygen-concentrating atmospheres are associated with similar maximum weight loss rate in the first stage (wmax1), but higher of that in the second stage (wmax2), and therefore result in higher mean weight loss rate (wmean). Figure 3 . Explanation of the TG and DTG curves
Kinetic analysis
Cai et al. [23] reported a method that involves taking several independent first order reactions to describe a whole reaction curve, and by introducing this method, each stage of the combustion process is defined as a first order reaction whose Arrhenius kinetic plot Figure 4 . That means eq. (10) is separately applied to each of the stages. And for the slope and intercept of each line, the value of E and A can be calculated. Table 4 summarizes the kinetic parameters of polyurethane under all atmosphere conditions that were determined by this method. Two conversion ranges of 0.15-0.35 and 0.6-0.8 are set, respectively, representing the main mass loss regions of two stages. In Table 4 , a constant value of activation energy in the first stage but an increasing value of that in the second stage is derived, with the increase of oxygen concentration. This result is constant with what obtained by former studies [29] [30] [31] . Accordingly, the decrease of activated molecule concentration, diffusion limitation and organic impurities are the influential factors of activation energy during the process of combustion of samples [32] , while Chen et al. [31] reported that an increasing oxygen concentration might contributes to the increase of surface temperature and the expanded grain size of semi-coke, as well as the increase of ash content with the increase of final temperature. In spite of the complicated chemical behaviour of thermal degradation of polyurethane, previous studies have determined the composition of only a few global reactions [8, 25, 26, 33, 34] . To summarize the kinetic parameters proposed by these authors, Table 5 was established with the characteristics of each study. It can be concluded that the general characteristics are basically similar, and the differences in the values of activation energy might be mainly explained by the differences in compositions of experiment materials, since the polyurethane used in this study was collected from solid wastes and thus resulted to a higher contents of impurities, which is indicated in the ash compositions in Table 2 , while the different experiment conditions such as atmospheres and gas flow rates also contribute. Finally, selection of the chemical model can significantly influence investigations parameters, therefore results comparison between different chemical models should be done cautiously. 
Influence of atmosphere compositions
To further investigate the influence of different atmosphere conditions, TG as well as DTG curves and DSC curves are compared, respectively, under two different oxygen concentrations, as shown in Figures 5 and 6 . Well matches are observed at the first stage of combustion under both oxygen concentrations in both O2/CO2 and O2/N2 atmospheres, indicating that nitrogen has a minor effect on reactions at the initial stage of combustion. However, the second stage of combustion seems appear earlier in O2/N2 atmospheres than in O2/CO2 atmospheres, exerting the effect of activating the second stage of combustion, leading to a shift of second peak to a lower temperature range as well as a higher peak value in DSC curves. From the comparison of thermal characteristics and kinetic parameters in Tables 3 and 4 , respectively, the same conclusions are simultaneously drawn. Similar conclusions have been reported by Tang et al. [17] who have also stated less residue weights under O2/N2 atmospheres than under O2/CO2 ones in the combustion of microalgae and MSW cases, which is not observed in this study. The absence of this phenomenon might be mainly due to the simpler structures and lower ash contents of polyurethane than biomass, correspondingly leading to similar residue weights in both atmospheres. Overall, the CO2 atmosphere exhibits the reduction of reactivity in high temperature comparing to N2 atmosphere [17] . 
CONCLUSION
The decomposition process of polyurethane can be roughly divided into two stages, one of which represents the degradation of PU and devolatilization, while another represents the oxidation of residues. TGA results under different atmosphere conditions show that higher concentration of oxygen slightly influences the first stage but highly accelerates the second one, which therefore ascribes to a higher mean weight loss rate, and results to an increasing activation energy. Replacing CO2 with N2 slightly influences the first stage while positively influences the second stage, expressing in lower peak temperatures in DTG curves and higher peak values in DSC curves. Further investigation on oxygen-enriched combustion is strongly preferable. Of a special interest would be description of the decomposition process with an appropriate 3D-diffusion models, where oxygen diffusion plays a key role.
